We recently reported the first crystal structure of a paramyxovirus hemagglutinin-neuraminidase (HN) from Newcastle disease virus. This multifunctional protein is responsible for binding to cellular sialyl-glycoconjugate receptors, promotion of fusion through interaction with the second viral surface fusion (F) glycoprotein, and processing progeny virions by removal of sialic acid from newly synthesized viral coat proteins. Our structural studies suggest that HN possesses a single sialic acid recognition site that can be switched between being a binding site and a catalytic site. Here we examine the effect of mutation of several conserved amino acids around the binding site on the hemagglutination, neuraminidase, and fusion functions of HN. Most mutations around the binding site result in loss of neuraminidase activity, whereas the effect on receptor binding is more variable. Residues E401, R416, and Y526 appear to be key for receptor binding. The increase in fusion promotion seen in some mutants that lack receptor binding activity presents a conundrum. We propose that in these cases HN may be switched into a fusion-promoting state through a series of conformational changes that propagate from the sialic acid binding site through to the HN dimer interface. These results further support the single-site model and suggest certain residues to be important for the triggering of fusion.
We recently reported the first crystal structure of a paramyxovirus hemagglutinin-neuraminidase (HN) from Newcastle disease virus. This multifunctional protein is responsible for binding to cellular sialyl-glycoconjugate receptors, promotion of fusion through interaction with the second viral surface fusion (F) glycoprotein, and processing progeny virions by removal of sialic acid from newly synthesized viral coat proteins. Our structural studies suggest that HN possesses a single sialic acid recognition site that can be switched between being a binding site and a catalytic site. Here we examine the effect of mutation of several conserved amino acids around the binding site on the hemagglutination, neuraminidase, and fusion functions of HN. Most mutations around the binding site result in loss of neuraminidase activity, whereas the effect on receptor binding is more variable. Residues E401, R416, and Y526 appear to be key for receptor binding. The increase in fusion promotion seen in some mutants that lack receptor binding activity presents a conundrum. We propose that in these cases HN may be switched into a fusion-promoting state through a series of conformational changes that propagate from the sialic acid binding site through to the HN dimer interface. These results further support the single-site model and suggest certain residues to be important for the triggering of fusion.
Viruses belonging to the family Paramyxoviridae are major causative agents for respiratory illnesses in humans, particularly in children. Members of the Paramyxovirinae subfamily include the human parainfluenza viruses (PIVs), mumps viruses, Newcastle disease virus (NDV), Sendai virus, and simian virus 5. Infection of host cells by paramyxoviruses is accomplished by the interaction of two surface glycoproteins, hemagglutinin-neuraminidase (HN) and the fusion (F) protein. HN possesses both the receptor recognition of sialic acid at the termini of host glycoconjugates and neuraminidase activity to hydrolyze sialic acid from progeny virion particles to prevent viral self-aggregation (14, 23, 24) . In addition to these activities, HN has been shown to promote fusion through its interaction with the F protein, which involves residues from the stalk and the globular head region of HN (1, 2, 8, 26, 31, 34) , thereby allowing the entry of viral RNA.
Recently, we determined the first crystal structure of the globular head region of the Newcastle disease virus HN (6) . HN displays the six-bladed ␤-propeller fold typical of other sialidases/neuraminidases, whose structures are known (5, 7, 9, 35) . Two crystal forms of the dimeric HN molecule were determined: a pH 6.5 hexagonal crystal form that would only grow in the presence of the inhibitor 2-deoxy-2,3-dehydro-Nacetyl-neuraminic acid (Neu5Ac2en) and a pH 4.6 orthorhombic crystal form grown in the absence of ligand but into which ligands could be soaked. The association of monomers in these two forms is very different, suggesting a flexible interface between the monomers that may have functional significance. The pH 6.5 inhibitor complex revealed an active site with many features in common with other sialidases/neuraminidases (Fig.  1a) : a triarginyl cluster (R174, R416, and R498) that encircles the carboxyl moiety of the inhibitor, a glutamic acid (E547) that stabilizes R174, a tyrosine residue (Y526) whose hydroxyl group is positioned near the C 1 OC 2 bond of the inhibitor and which interacts with E401, and a hydrophobic interaction between the methyl group of the inhibitor and the face of Y299. In contrast to other sialidases/neuraminidases, in NDV HN there are extensive interactions with all three hydroxyls of the inhibitor glycerol group, directly involving E258 and Y317, and through water-mediated interactions, involving Y262 and S418. A unique feature of the HN active site is the large acidic cavity around the inhibitor O 4 that is lined with residues conserved across all HNs.
These structural studies reveal no evidence for a second sialic acid binding site on HN and suggest that HN has a single site that is switchable between being a catalytic site and a binding site. Support for this comes from the low pH crystal form in which one of the critical arginines, R174, swings away from its "normal" position to take up residence in the cavity around O 4 where it interacts with N190, one of the invariant residues lining the cavity (Fig. 1b) . The movement of R174 and a concomitant rotation of I175 lead to the critical tyrosine, Y526, shifting out of its position below the C 1 OC 2 bond of the inhibitor. As R174 moves into the cavity, invariant residue K236, part of the conserved hexapeptide NRKSCS, swings out, as if these two positively charged residues act in concert. The structural comparisons of the two forms of HN therefore suggest that there is a single, switchable site for neuraminidase and sialic acid binding activities (6) . A recent mutagenesis study focused on several conserved amino acids thought to comprise the neuraminidase site (11), which had been identified by homology modelling of HN based on the influenza virus neuraminidase (15) . The study mutated 10 residues, of which R174, I175, D198, K236, R416, Y526 and E547 resulted in protein lacking both detectable neuraminidase and receptor recognition activity, measured by hemadsorption (HAd). The study also showed that addition of neuraminidase activity, either exogenously or by coexpression with another HN protein, partially rescues receptor recognition by the mutated HN proteins that lack both activities themselves.
In this study, we have extended our previous mutagenesis studies to test the single-site hypothesis, by making 24 mutants from 10 conserved sialic acid binding site residues in NDV HN (R174, I175, E258, Y299, Y317, E401, R416, R498, Y526, and E547) identified through our crystal structure studies. In addition to being tested for NA and HAd activities, the mutants were analyzed for their ability to promote fusion. The results are discussed in the light of the three-dimensional structure of NDV HN and suggest that particular amino acids are key to the several functions of HN.
MATERIALS AND METHODS
Cells, vectors, and recombinant plasmids. HeLa and 293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS). A cDNA fragment encoding the HN protein of NDV Kansas strain, with the mutation W123C, was inserted into the plasmid vector pTF1 (29) and also into the transient mammalian expression vector pCAGGS (20) . Similarly, a cDNA fragment encoding the F protein from NDV Kansas strain was inserted into the expression vector pCAGGS. The mutation introduced at position 123 into HN was to allow the formation of disulfide-linked dimers of HN, which enhances the fusion promotion activity that is needed for the fusion assay.
Site-directed mutagenesis of NDV HN gene. Mutation of NDV HN was achieved by oligonucleotide-directed mutagenesis using the Quikchange sitedirected mutagenesis kit (Stratagene, La Jolla, Calif.). Synthetic oligonucleotide primers were used to introduce single amino acid mutations in the HN gene amplified by PCR using the plasmid construct pTF1-NDV HN as the template. After sequencing to screen for the presence of the desired mutation, each mutated gene was isolated from the original construct and ligated to the transient mammalian expression vector pCAGGS (20) . Plasmid DNA from ampicillinresistant colonies of transformed DH5␣ cells were screened by restriction analysis for the presence of the HN gene. The entire mutated HN genes were fully sequenced to confirm the presence of only the desired base change(s).
Transient expression of mutated NDV HN gene. Mammalian 293T cells were seeded at 8 ϫ 10 5 cells/well in six-well plates and were grown overnight with culture medium, i.e., DMEM containing 10% FCS. Subconfluent monolayers of 293T cells were then transfected with 2 g of cDNA (pCAGGS vectors containing NDV HN mutant genes) and 16 g of Lipofectamine (Life Technologies) for 3 to 4 h at 37°C. Cells were washed with OptiMEM (Gibco BRL) and incubated for 18 h at 37°C with culture medium, before being assayed for neuraminidase and HAd activities.
Neuraminidase assay. Neuraminidase activity was determined by the fluorimetric procedure of Potier et al. (21) with some modifications. Transfected 293T cells were washed with phosphate-buffered saline (PBS), pH 7.2, after 18 h of incubation at 37°C, before the addition of 0.1 M sodium acetate (pH 6.0) buffer containing 1 mM substrate 2'-(4-methylumbelliferyl)-␣-D-N-acetylneuraminic acid (MU-Neu5Ac; Sigma Chemical Co., Poole, Dorset, United Kingdom). Plate contents were left to incubate for 1 h at 37°C. The reaction was stopped by the addition of 0.25 M glycine buffer, pH 11. The relative fluorescence of the methylumbelliferone released in the supernatants was determined fluorimetrically at 365 nm for excitation and 450 nm for emission.
Hemagglutinin binding. Hemagglutination function was assayed as described by Morrison and McGinnes (18) with some modifications. Briefly, transfected 293T cells were washed with PBS buffer, pH 7.2, before addition of 2% (vol/vol) chicken erythrocyte suspension in PBS buffer and were left on ice for 30 min. After removal of unadsorbed erythrocytes by repeated gentle washing with PBS, bound cells were lysed using a cell lysis buffer containing 50 mM Tris, pH 7. 
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was measured at 545 nm after centrifugation at 13,000 rpm in a Microcentaur benchtop centrifuge for 5 min. Production of antibody-secreting hybridomas. Hybridoma cell lines producing monoclonal antibodies (MAbs) against NDV HN were prepared as previously described (22) . Culture fluids from fused cells were screened for antibody production by enzyme-linked immunosorbent assay (ELISA). Isotypes of the MAbs were determined by a Mouse Hybridoma Subtyping Kit (Roche).
Characterization of MAbs. The MAbs in ascites fluids were titrated by standard ELISA using purified cleaved HN (cHN) (30) as the antigen. For measurement of hemagglutination inhibition and neuraminidase inhibition, standard procedures were employed (22) . Four hemagglutinin units of NDV was incubated with antibody in the hemagglutination inhibition tests before the addition of chicken erythrocytes. For the neuraminidase inhibition test, purified virus (0.7 g) was incubated with 1 l of MAb for 30 min before the addition of Nacetylneuramin-lactose (Sigma). In the neutralization assay, 100 PFU of NDV was incubated with MAb for 30 min before infection to the MDBK cells. Infected cells were overlaid with medium containing 0.9% agar (Difco), and the plaques were counted 5 days postinfection.
Isolation of MAb escape mutants. NDV was incubated with 100 l of MAb for 1 h and was injected into a 10-day-old hen egg. After 3 days of incubation, virus in the allantoic fluid was harvested and subjected to the same procedure. The mutant NDV was then cloned by limited dilution. The purified escape mutants were used as antigens for ELISA against the various MAbs.
Cell surface expression of HN using ELISA. To quantify the amount of HN expressed on cell surface of 293T cells, an ELISA was performed as described previously (1) . Briefly, transfected 293T cells were washed with PBS after 18 h of incubation at 37°C and were reacted with a cocktail of anti-NDV HN MAbs (in PBS-0.1% [wt/vol] bovine serum albumin). The cells were left at room temperature for 30 min before cells were repeatedly washed with PBS. Horseradish peroxidase-conjugated anti-mouse immunoglobulin G (IgG) (Bio-Rad) was then added to the cells in the same buffer and was left again for 30 min at room temperature. The cells were washed with PBS before conjugate was reacted with substrate 2,2'-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid). The absorbance of the solution was measured at 405 nm.
Induction of cell fusion in HeLa cells by transfection with recombinant plasmids. HeLa cells were seeded at 4 ϫ 10 5 cells/well in six-well culture plates and were incubated at 37°C in DMEM containing 10% FCS overnight. One microgram of each of two recombinant pCAGGS plasmids, one containing the NDV HN gene and one containing the F gene, which encodes the fusion protein from NDV, was used to transfect subconfluent HeLa cells with 8 l (16 g) of Lipofectamine for 3 to 4 h. Cells were washed with OptiMEM before incubation with DMEM-FCS for 18 h at 37°C. Transfected HeLa cells were washed with PBS, fixed with a solution of 4% formalin, and stained briefly with 1% (wt/vol) crystal violet. Syncytium formation was observed using an inverted microscope, and fusion was determined by the number of syncytial cells formed compared to wild-type coexpression of NDV HN and F genes.
Molecular modelling and electrostatic calculations. The trisaccharide sialyllactose (Neu5Ac-␣2,3-Gal-␤1,4-Glc) was modelled into the binding site by superimposing the sialic acid moiety of sialyllactose from influenza virus hemagglutinin (36) onto the sialic acid observed in the crystal structure of HN (6), Protein Databank code 1E8U. The complex was then subjected to a short, simulated annealing run (slowly cooling from 1,000 to 300 K in 25-K steps with a 0.0005-ps time step for the dynamics), with harmonic restraints being applied to the ligand and HN alpha-carbon coordinates throughout the run, using the CNS software package (3). Electrostatic calculations were performed using GRASP (19) .
RESULTS
To characterize the active site mutations of NDV HN proteins, the mutated cDNAs were expressed in 293T cells by using the transient expression vector pCAGGS. After 18 h of posttransfection, the monolayers were assayed for neuraminidase activity and cell binding by HAd, and these results were compared to those for wild-type HN. Cell surface expression of active site mutants was quantified by ELISA by using a cocktail of MAbs (N1, N3, N6, and N7) which are conformationally specific for NDV HN (Table 1) . Various levels of expression were obtained for the 24 mutants (Table 2) , with five having Ͻ10% of wild-type expression levels. In this study, mutants showing less than 10% cell surface expression were not characterized further. In addition, fusion promotion abilities of the active site mutants were determined using HeLa cells instead of 293T cells, because 293T cells produce a high background level of fusion.
Triarginyl cluster (R174, R416, and R498). The highly conserved active site arginine triad, R174, R416, and R498, synonymous to the arginine triad of all known neuraminidases (33), appears very sensitive to mutation. These residues have been shown to interact with the carboxyl group of the inhibitor Neu5Ac2en (Fig. 1a) . The change of charge at position 174 to a glutamate, aspartate, or glutamine appeared to be the most disruptive, resulting in very low levels of protein expressed at the cell surface (Table 2 ). These observations suggest these mutants were probably misfolded and therefore could not be efficiently transported to the cell surface. When R174 replaced lysine or alanine, these mutants were expressed at significant levels, around 40% of wild type, and both showed loss of neuraminidase activity but retained HAd activity, albeit at reduced levels (Fig. 2) . Interestingly, all of the R174 mutants abolished fusion promotion: a typical observation for R174A is shown in Fig. 3 . Mutation of R416 resulted in the loss of both neuraminidase and HAd activities, while mutation of R498 resulted in loss of neuraminidase activity and retention of significant HAd for the mutants R498Q and R498A.
Residues E547, Y526, E401, and I175. From the crystal structure of NDV HN complexed with the inhibitor Neu5Ac2en (Fig. 1a) , residue E547 appears to play an important role in stabilizing R174 and is an interaction seen in all other bacterial and influenza virus sialidase/neuraminidase structures (33) . Mutation to a shorter aspartic acid effectively abolished both activities and significantly reduced fusion promotion. Other residues which sit close to the carboxyl end of the inhibitor, Y526 and E401, are also shown to play a major role in HN function. The hydroxyl group of Y526 is shown to interact with E401, and it has been predicted that these two residues stabilize a sialosyl cation transition state intermediate in other sialidases (4). Mutants E401D, Y526F, and Y526H led to almost complete elimination of both neuraminidase and HAd functions. Despite this lack of neuraminidase and HAd functionality, the Y526 mutants displayed enhanced levels of fusogenic activity of HeLa cells (Table 3) . Residue I175 appears to play a role in cushioning the position of Y526, as the two crystal forms reveal a rotation of the side chain concomitant with the movement of Y526. Mutants were designed that investigated the effect of branched and nonbranched side chains at this position. Mutants of I175 exhibited a slightly different pattern from those of all other mutants. Mutation to a leucine maintained wild-type neuraminidase activity, but HAd was halved ( Table 2 and Fig. 2) . Conversely, mutation to a glutamic acid gave levels of neuraminidase and HAd of less than 10 and 30% of wild-type, respectively, but displayed greatly increased fusogenic activity (Table 3 and Fig. 3 ). Interestingly, replacement by threonine appeared not to have a major effect on neuraminidase or HAd function, albeit levels were over a third lower than those for wild-type HN. Despite these differences, none of the I175 mutations appeared to have significantly affected their expression levels.
Residues E258, Y299, and Y317. In the Neu5Ac2en complex of HN, residue E258 hydrogen bonds to O 7 and O 9 of the glycerol group of the inhibitor and Y317 hydrogen bonds to O 8 . Y317 also interacts with N 5 of the inhibitor acetamido group via a water molecule and thus suggests the importance of this residue in substrate recognition. As expected, mutation of E258 to either an aspartic acid or serine significantly affected neuraminidase activity (less than 6% of the wild-type level), with HAd levels about 35% of the wild-type level. Expression levels here were greater than for wild-type HN. Replacement of Y317 by phenylalanine demonstrated neuraminidase and HAd activities of 20 and 50% of wild-type levels, respectively, with expression levels comparable to wild-type levels. Residue Y299, which makes a hydrophobic interaction with the acetamido methyl group of Neu5Ac2en, also displayed severely reduced neuraminidase activity when this residue replaced alanine, with only a marginal effect on HAd activity. None of the mutations of these three residues affected fusion promotion (Table 3 and Fig. 3 ).
Model of receptor binding.
Sialyllactose is a typical receptor for NDV HN, but so far we have been unable to observe crystallographically the binding of this receptor to HN. This trisaccharide has been observed in the crystal structures of several other sialic acid binding proteins, including influenza virus hemagglutinin (36) , leukoagglutinin (10), sialoadhesin (16) , and murine polyomavirus (28) . Superposition of the ligands from these four structures shows that the galactose sits at a preferred orientation relative to the sialic acid sugar (Fig. 4a ). The simulated annealing run on NDV HN in the presence of sialyllactose, taken from the influenza virus hemagglutinin, revealed a movement of R498 to avoid steric clashes with the galactose (Fig. 4b) . The ␣-anomer of sialic acid appears to be accommodated within the binding site, with the sialic acid carboxyl group hydrogen bonding to R416, which also hydrogen bonds to O 7 of the ligand. The side chains of Y526, E547, R174, and I175 all move away from the ligand relative to their positions in the uncomplexed NDV HN structure (grey structure, Fig. 4b ).
DISCUSSION
The purpose of this study was to determine the importance of certain conserved residues to the three activities of HN: sialic acid binding activity measured by HAd, promotion of fusion measured by syncytium formation, and finally neuraminidase activity. We have examined the effect of mutating binding site residues that are largely conserved across all paramyxoviruses, whose positions were previously defined in crystal structure complexes of NDV HN with sialic acid and the inhibitor Neu5Ac2en (6) . Of the 10 residues targeted, 24 mutants were constructed, and only five of these failed to express sufficiently for detection by the panel of MAbs used in this study. Most of the mutant proteins led to a severe reduction in NA function and reduced HAd, with some mutants exhibiting loss of both functions (R174, R416, E401, E547, and Y526). These findings strongly support the notion of a single site with dual function as previously discussed (6) .
The results of previous site-directed mutagenesis studies on conserved residues thought to form the active site for HN appear to be consistent, in most cases, with the data from the active site mutants that have been characterized in this study (12, 13, 17, 27) . The most recent study made mutants R174L, R416L, R498L, E547Q, Y526L, I175E, and K236R, which complement those in this study (11) . Of these, only R498L gave any measurable neuraminidase and HAd activities, 4 and 36% of wild-type levels, respectively. Our results on the I175E mutant differ in that we obtained significant neuraminidase and HAd activities. This could be the result of the different NDV strain used and/or the different cell types used for ex- pression in the two studies. Mutants N500D and V502A, which were made in this recent study, had no effect on NA or HAd activities, which from our structural studies is not surprising: N500 is a surface-exposed residue remote from both the active site and dimer interface, while V502 is an alanine in the Kansas strain of NDV HN. Another mutational study carried out on conserved residues of NDV HN described the effect of mutation of active site residue E401 on receptor binding and catalysis of substrate (25) . Their results suggest greater than wildtype binding and 30% neuraminidase activities; however, they only obtained 10% cell surface expression. In our study negligible levels of both hemagglutinin and NA activities were observed when HN was expressed at 29% of the wild-type level. Catalysis requires precise positioning of amino acid side chains in the active site, and assuming that the neuraminidase mechanism of HN is similar to other neuraminidases, this requires tethering of sialic acid in order to induce strain in the sugar ring conformation prior to hydrolysis. The major anchor points are the arginine triad (R174, R416, and R498) interacting with the sialic acid carboxyl group, the residues interacting with the glycerol moiety (E258 and Y317), and the residues interacting with the methyl group of the acetamido moiety (Y299). Sialic acid binding as part of cell attachment is, like much of carbohydrate recognition, of low affinity (millimolar K i ) (32) and will not involve as many precise interactions as catalysis. The results of the mutations described in this report, together with those of previous studies, support such a view for the binding site of HN with its proposed dual functionality.
The electrostatic potential surfaces calculated for the inhibitor and "substrate" crystal structures of NDV HN, calculated in the absence of ligand (Fig. 5a and b) , are quite different, both in charge distribution and magnitude of the charge. In the inhibitor complex (Fig. 5a) , there is an intense charge distribution with strong positive potential arising from the arginine triad. In the sialic acid complex (Fig. 5b) , this is modulated such that the most positively charged area is associated with R416. The mutation results reflect this observation: mutation of R416 results in a severe loss of HAd. Mutation of R174 also severely reduces HAd, whereas mutation of R498 can leave some significant HAd activity. Mutation of any of the three arginines, however, eliminates NA activity. We therefore propose that R416 is a key binding residue for recognition of sialic acid receptors involved in cell attachment. The crystallographic studies revealed the thermodynamically more stable ␤-anomer of sialic acid bound, as the sialyllactose used in crystal soaking experiments had undergone acid hydrolysis at the low pH of the crystals, resulting in the binding of free sialic acid in the binding site. The fact that the ␤-anomer was observed suggested a flexible binding site in HN (6) . Modelling of sialyllactose into the binding site (Fig. 4b) suggests that R416 hydrogen bonds to the ligand's carboxyl group, further supporting the key role of R416 in receptor recognition. R174 can also be considered to be, indirectly, key for sialic acid binding. While we propose from the structural studies that R174 is not involved in sialic acid recognition during receptor binding, its location (Fig. 1b) may be important for the transfer of a conformational change to the dimer interface. R498 in the sialyllactose model complex moves to avoid steric clashes with the galactose, supporting the finding that mutation of R498 does not destroy receptor binding.
Of the mutants that interact with the glycerol group of the ligand, mutations of E258 have a profound effect on NA ac- tivity but still retain significant HAd activity. This suggests that that E258 in particular is critical for ligand recognition for catalysis but is less critical for HAd. Mutation of Y317 to a phenylalanine removes its ability to hydrogen bond to O 9 and a water molecule that interacts with N 5 of the ligand. The level of reduction in neuraminidase and HAd activities suggests that the hydroxyl of this conserved residue is not critical but that the aromatic ring may be required, in particular to stabilize conserved residue E401. Mutation of Y299, which interacts with the acetamido methyl group of the ligand, suggests that Y299 is very important for neuraminidase activity but not for HAd. Taken together, E258, Y299, and Y317 appear important for recognition of ligand for catalysis, which requires precise positioning of the ligand prior to hydrolysis, whereas they are important but not key for sialic acid recognition.
The side chains of residues I175, Y526, and E401 lie in a line below the sugar ring of the ligand. Y526 and E401 are hydrogen bonded to one another in both states of the binding site ( Fig. 1) and are likeliest to be involved in the stabilization of the transition state during the catalytic cycle. Mutation of either of these residues eliminates both NA and HAd functions. Elimination of NA activity is not surprising, but elimination of sialic acid binding suggests a role for the hydroxyl of Y526 and the carboxyl of E401 in the recognition of the carboxyl group of ␣-anomer of sialic acid. We proposed that I175 plays a role in modulating the position of Y526 (6) . The I175L and I175T mutants were chosen, as the equivalent residue is a leucine in Sendai virus and PIV type 1 (PIV1) and a threonine in PIV3. These mutants in NDV HN maintain neuraminidase activity, whereas I175E significantly reduces neuraminidase activity. Significant, although reduced, HAd activity is maintained in all three I175 mutants. This suggests that the rotation around the C␣OC␤ bond in I175 may be an elaboration in simian virus 5, PIV2, mumps virus, and NDV, all of which conserve this isoleucine.
I175, Y526, and E401 are particularly interesting for their effect on fusion activity. If binding of sialic acid to HN is the prelude to fusion promotion, how can it be that Y526F/H and E401D have enhanced fusion promotion activity yet show almost no HAd activity? Why does I175E show the highest level of fusion promotion? One possibility is suggested by a recent study where the addition of exogenous neuraminidase restored HAd activity to mutants of NDV HN that lacked such activity (11) . The 293T cells used in our assay of HAd would carry sialic acid receptors, which, if not removed by neuraminidaseactive HN expressed on the surface, would be available for binding to HN molecules, thereby blocking their ability to bind to red blood cells. Another possibility is that these mutations invoke structural changes in HN that mimic the structural changes that occur upon sialic acid binding to HN. Comparison of the two structural forms of HN shows that most differences are confined to a small number of residues that form a connection between the carboxyl end of the ligand and the HN dimer interface. It is possible that upon sialic acid binding, a series of linked conformational changes occur that lead to a change in the dimer association, which may trigger the fusion protein into its fusogenic state. This could either be by revealing a part of the HN dimer interface, which is then free to interact with the F protein, or by inducing a change in the stalk regions of the dimer, which in turn interacts with the F protein to trigger fusion. Residues in both the head and stalk regions of HN have been implicated in fusion promotion (1, 2, 8, 26, 31, 34) . In this model, the position of Y526 appears key. Removal of the ability of Y526 to hydrogen bond to E401, implicit in the Y526H/F and E401D mutants, might lead to the movement of the histidine or phenylalanine to the left as seen in Fig.  1b , thereby propagating the conformational change to the dimer interface leading to fusion promotion. The molecular modelling results support this hypothesis, as shown in Fig. 4b , where the binding of sialyllactose appears to promote the movement of Y526, I175, E547, and R174 in the direction of the dimer interface, towards the left in the picture.
In summary, the mutation studies on NDV HN support the single-site model with sialic acid binding and hydrolysis occurring at the same site. Most of the residues conserved across the paramyxovirus family that form direct interactions with sialic acid are hypersensitive to mutation with respect to neuraminidase function. These same residues show various degrees of sensitivity with respect to sialic acid binding but confirm the notion of a single site on HN with dual functionality. The two states of HN observed in the crystal studies appear to represent the catalytic state and the receptor binding state. In the latter state, we suggest that binding of sialic acid disrupts the hydrogen bonding between Y526 and E401, leading to the movement of Y526, which in turn moves E547, I175, and R174 and so propagates a conformational change to the dimer interface which somehow triggers the fusion protein into its fusogenic state. These studies provide the basis for further structural and mutagenesis studies to probe the mechanism of action of this multifunctional protein, whose binding site, unlike that of the influenza virus neuraminidase, appears to have remarkable flexibility to achieve its many functions.
